Mammalian stress granules (SGs) are cytoplasmic domains into which mRNAs are sorted dynamically in response to phosphorylation of eukaryotic initiation factor (eIF) 2a, a key regulatory step in translational initiation. The activation of one or more of the eIF2a kinases leads to SG assembly by decreasing the levels of eIF2-GTP-tRNAMet, the ternary complex that is normally required for Moreover, the effects of HSP70 on T I A aggregation suggest a feedback loop whereby HSP70 synthesis is auto-regulated. Proteins that promote mRNA stability [e.g. HuR (Hu protein R)] and destabilize mRNA [i.e. tristetraprolin (TTP)] are also recruited to SGs, suggesting that SGs effect a process of mRNA triage, by promoting polysome disassembly and routing mRNAs to cytoplasmic domains enriched for HuR and T T P . This model reveals connections between the eIF2a kinase system, mRNA stability and cellular chaperone levels.
allows the RNA-binding proteins TIA-1 (T-cell internal antigen-1) and T I A R (TIA-1 -related protein) to bind the 48 S complex in lieu of the ternary complex, thereby promoting polysome disassembly and the concurrent routing of the mRNA into a SG. T h e actual formation of SGs occurs upon auto-aggregation of the prion-like C-termini of TIA-1 proteins; this aggregation is reversed in vivo by overexpression of the heatshock protein (HSP) chaperone HSP70. Remarkably, HSP70 mRNA is excluded from SGs and is preferentially translated during stress, indicating that the RNA composition of the SG is selective.
Moreover, the effects of HSP70 on T I A aggregation suggest a feedback loop whereby HSP70 synthesis is auto-regulated. Proteins that promote mRNA stability [e.g. HuR (Hu protein R)] and destabilize mRNA [i.e. tristetraprolin (TTP)] are also recruited to SGs, suggesting that SGs effect a process of mRNA triage, by promoting polysome disassembly and routing mRNAs to cytoplasmic domains enriched for HuR and T T P . This model reveals connections between the eIF2a kinase system, mRNA stability and cellular chaperone levels.
Introduction
Changes in the environment require that cells continuously adapt in order to maintain their viability. Environmental stresses (oxidative stress, heat shock, UV radiation, osmotic shock, ER stress and viral infection) are ancient stimuli that have shaped the evolution of all eukaryotic cells. In response to stress, cells continuously modify the repertoire of proteins that they synthesize. T h e importance of transcriptional regulation is widely appreciated and is the paramount mechanism whereby prokaryotic cells regulate protein synthesis ; however, eukaryotic cells have evolved a wide variety of post-transcriptional mechanisms that regulate gene expression. Such regulation is of critical importance during early development when transcriptional activity is frequently absent. Another instance in which post-transcriptional regulation becomes especially important is during the stress response, which results in a global repression of protein translation, during which cellular survival requires that specific stressinduced transcripts receive the highest translational priority. Two related multifunctional RNA-binding proteins, TIA-1 (T-cell internal antigen-1) and T I A R (TIA-1-related protein), are important translational regulators in both development and the stress response.
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T h e TI-4 proteins are nucleocytoplasmic shuttling proteins that are particularly abundant in the brain, testis, and spleen. Mice that lack TIA-1 or T I A R exhibit high embryonic lethality, whereas mice lacking T I A R are sterile, owing to the death of primordial germ cells [l] . Both TIA-1 and T I A R act as translational silencers of tumour necrosis factor (TNF)-a expression in macrophages [2] , by binding to AU-rich elements (ARES) of the T N F -a mRNA with high affinity [2, 3] and diverting these RNAs from polysomes to untranslated messenger ribonucleoproteins (mRNPs) without altering the stability of the T N F -a mRNA. In addition to the translational silencing of selected cytoplasmic transcripts, both TIA-1 and T I A R regulate specific splice-site selection in the nucleus 114-61. Thus, these proteins have multiple functions in both the nucleus and cytoplasm.
Stress granules (SGs): a historical perspective
T h e T I A proteins exhibit a remarkably altered subcellular distribution in stressed cells, moving from the nucleus into the cytoplasm where they accumulate at phase-dense subcellular sites, which were termed stress granules (SGs) [7] . Analogous structures were first described in heat shocked tomato cells [8], and shown to contain small heatshock proteins (HSPs) ; similar structures were also noted in mammalian cells [9]. Plant SGs were later shown to contain RNA in addition to HSPs [lo] . Remarkably, the RNA content of plant heatshock SGs was selective; they contained mRNAs encoding housekeeping genes, but excluded newly synthesized heat-shock mRNAs [lo] . T h e SG RNAs were translationally inactive, but could be translated in vitro, and could also be translated after the cells had recovered from the stress. It was therefore proposed that SGs were sites in which mRNAs were stored during stress, for later translation.
T h e mammalian SGs are readily detected by immunostaining for either of the T I A proteins or polyadenylated [poly(A)+] mRNA binding protein (PABP); they also contain poly(A)+ mRNA, as demonstrated by in situ immunofluorescence. SGs are induced by a wide variety of stresses besides heat shock, including oxidative stress, UV radiation and osmotic shock [7] . Interestingly, although low-molecular-mass HSPs are found in SGs induced by heat shock, they are not components of SGs induced by other stimuli. T h e common molecular response to all SG-inducing stimuli is the phosphorylation of the a subunit of eukaryotic initiation factor (eIF) 2, a component of eIF2-GTP-tRNAYet, the ternary complex that loads initiator methionine on to the small ribosomal subunit to initiate a round of translation [ l l ] . Phosphorylation of eIF2a prevents its dissociation from eIF2B, the enzyme that regenerates the ternary complex by promoting G D P / G T P exchange, thus halting translational initiation by reducing levels of the ternary complex. Expression of a phospho-mimetic mutant of eIF2a, in which there is a Ser51Asp mutation, similarly affects protein synthesis by inhibiting ternary complex formation, whereas a non-phosphorylatable mutant resists translational arrest, even when stress is applied to the cells [12] . Using this mutant, it was shown that eIF2a phosphorylation leads to S G assembly [7] . The T I A proteins, which act downstream of eIF2a phosphorylation, are required for SG assembly, which is blocked by expression of a dominantnegative truncation mutant of TIA-1 (TIA-1 ARRM). Expression of reporter genes is enhanced by this mutant, suggesting that blocking SG assembly may also negate the translational silencing ability of T I A [7] .
Dynamic behaviour
Mammalian SGs exhibit dynamic behaviour in vivo [13] . Arsenite treatment causes both T I A proteins to move from the nucleus to the cyto-
Figure I
Assembly and disassembly of arsenite-induced SGs DU I45 cells were cultured in the absence (control) or presence of anenite ( I rnM) for 30 rnin (Stress), washed and allowed to recover for I h or 3 h (Recovery) before processing for twocolour irnrnunofluorescence microscopy. TIA-I protein is identified using a polyclonal antibody (green) and HuR is detected using a monoclonal antibody (red). Sites of co-localization of TIA-I and poly(A)+ RNA appear yellow. Nuclei are counterstained using Hoechst dye (blue). 
Control
Stress Rewvery --plasm and coalesce to form SGs; this process takes approx. 15 min. If the stress is removed, the SGs continue to increase in size, but decrease in number (owing to fusion of the smaller SGs), for an additional 1-2 h, depending on the severity of the stress. As each cell recovers, its SGs disperse suddenly and concurrently, again taking 6-10min. Figure 1 shows the co-ordinate recruitment of TIA-1 (green) and the RNAstabilizing protein HuR (red) to SGs during this process.
In general, the presence of SGs parallels increased levels of phospho-eIF2a. However, SG assembly is reversed by treating cells with inhibitors of translational elongation, such as cycloheximide, despite constantly elevated levels of phospho-eIF2a, suggesting that S G mRNA is in slow equilibrium with polysomes. Conversely, SGs are induced, without elevating levels of phospho-eIF2a, either by agents which promote premature termination [13] or by energy depletion [14] . Surprisingly, despite the rather slow realtime kinetics of S G assembly (15 min) and disassembly as seen for the green fluorescent protein (GFP)-TIA-1 fusion protein, fluorescence recovery after photobleaching (FRAP) demonstrates that the half-life of TIA-1 within the SG is only 2 s, whereas that of PABP is somewhat longer (6 s). This very dynamic behaviour is incompatible with the plant model of SGs as storage depots of untranslated mRNA. Alternatively, it appears that mammalian SGs at least are dynamically maintained as a result of altered mRNA metabolism, e.g. they are domains through which mRNAs pass, but whose contents are in continual flux. Many such nuclear structures exist [e.g. nucleoli, G E M S (gemini of coiled bodies), speckles or P M L (promyelocytic leukaemia) bodies] [15], and some nuclear bodies are stress-induced [16] , but SGs appear uniquely cytoplasmic.
Protein composition of SGs
T h e T I A proteins and PABP accumulate quantitatively at SGs in stressed cells, yet sedimentation experiments indicated that only a minor fraction of these proteins co-sediment in sucrose gradients, in the region corresponding to 80 S monosomes [13] . Moreover, the great preponderance of TIA-1 from stressed cells migrates as soluble mRNPs, despite its localization to seemingly large (diameters in the order of micrometres) SGs by microscopy. In light of the dynamic nature of SGs revealed by FRAP, we questioned their stability on sucrose gradients, and assessed S G composition using immunofluorescence, rather than the more obvious (but more ambiguous) biochemical purification.
Fluorescence microscopy reveals that a subset of small ribosomal subunits are components of
SGs. Of the eIFs tested, eIF3, eIF4E and eIF4G were recruited to SGs that were induced both by stress and by enforced expression of the eIF2a Ser51 Asp phospho-mimetic mutant, establishing them as genuine SG components. However, eIF5 and eIF2 are missing from SGs [14] . As eIF5 normally serves to link eIF2-GTP-tRNAy" to eIF3, we propose a model in which eIF5-eIF2-GTP-tRNAYet and the T I A proteins compete for the same site(s) on the preinitiation complex [14] . Thus, the relative amounts of the active ternary complex and cytoplasmic T I A would compete to determine whether a given transcript is initiated productively or routed to an SG. Other ARE-binding proteins, such as hnRNPAl (heteronuclear RNP-A1 ) and hnRNPD (heteronuclear RNP-D)/AUF-1 (AU-rich RNA binding factor), however, are not recruited to SGs. T h e selective recruitment of both stabilizing and destabilizing proteins to the SG supports a model in which these dynamic microdomains are sites of mRNA triage during stress [14] .
RNA content of SGs
In mammalian cells, in situ staining reveals that approx. 50 "6 of all poly(A)+ mRNA is recruited to SGs [7] , indicating that a significant fraction of total mRNA is actively recruited to SGs. In heatshocked HeLa cells, we used a digoxygeninlabelled probe specific for HSP70 and double immunostaining to examine the localization of HSP70 mRNA relative to the localization of T I A R protein. As shown in Figure 3 , unstimulated cells exhibit the normal, predominantly nuclear distribution of T I A R (green). HSP70 mRNA (red) is not detectable in unstimulated cells (Figure 3, left   panel) . Following a 90 min treatment at 45 "C, the reorganization of T I A R into cytoplasmic SGs is apparent ( Figure 3, middle panel, green) . Newly- Figure 1 Translational initiation in the absence or presence of stress In the absence of stress, the elF2-GTP-tRNAMet ternary complex (green) is available t o form a canonical 48 S preinitiation complex at the 5' end of capped transcripts (green arrow: normal) and scanning begins. Upon recognition of the initiation codon by the anticodon of tRNAMet, elF5 promotes GTP hydrolysis and early intiation factors are displaced by the 60 S ribosomal subunit. As additional ribosomes are added t o the transcript, the mRNA is converted into a polysome (bottom left). In stressed cells, phosphorylation of elF2a depletes the stores of elF2-GTP-tRNAM", and the cytoplasmic amount of TIA-I (yellow) increases. Under these conditions, TIA-I is included in a noncanonical, elFUelF5-deficient preinitiation complex that is translationally silent TIA-I auto-aggregation then promotes the accumulation of these complexes at discrete cytoplasmic foci known as SGs (composed of all components of the 48 S pre-initiation complex except elF2 and elF5). Translational components that are present in SGs are shown in red; non-translation proteins present in SGs are yellow, those absent from SGs are shown in green. , then fixed and double-stained for TlAR (green) and for HSP70 mRNA (red). As expected, heat-shock induces TlAR to accumulate in cytoplasmic stress granules, from which HSP7O rnRNA is excluded (see inset).
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synthesized HSP70 mRNA (red) is apparent both in the cytoplasm as well as in a few nuclear foci, representing sites of new mRNA synthesis. It is apparent from the region shown enlarged (inset, right panels) that HSP70 mRNA is excluded from TIA-positive SGs. Thus, mammalian SGs, like their plant counterparts, specifically exclude HSP70. Whether they exclude other stress-induced transcripts that are preferentially translated during stress, such as ATF4 (activating transcription factor-4) [19] , GADD34 (growth arrest and DNA damage-34) [20] , and BiP (binding immunogobulin protein) [21] , remains to be determined. Of the so-called 'housekeeping ' transcripts, we have examined glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA as an example of a non-stress-induced transcript and found it to be quantitatively routed to SGs upon arsenite-induced stress.
TIA prion-like domain and the chaperone connection
Both T I A proteins contain a glutamine-rich C-terminal domain that exhibits some similarity to prion protein and that is necessary for S G aggregation. Indeed, when the truncated TIA-1 that lacks the RNA-binding domains (TIA-1 ARRM) is transiently over-expressed in COS cells, the recombinant protein prevents S G assembly, forms aggregates that co-aggregate 0 2002 Biochemical Society endogenous TIA-1, and overexpresses cotransfected reporter genes [13] . Conversely, overexpression of full-length T I A inhibits the expression of reporter genes [13] . These results, viewed in the light of the overexpression of T N F -a protein by the T I A knockout cells, suggested that the regulation of the reporter proteins was likely to be at the level of translation efficiency, rather than mRNA stability. However, examination of the cells by Northern blotting indicates that reporter mRNA levels are increased in the presence of the TIA-1 ARRM mutant, whereas reporter mRNA levels are decreased in TIA-1 transfectants. As no direct evidence indicates that the T I A proteins possess any intrinsic ability to destabilize mRNAs in vitro, it is likely that overexpression of TIA-1 enhances the frequency with which mRNAs are subjected to a 'triage checkpoint', and this leads indirectly to a shorter mRNA half-life in vivo.
T h e formation of microaggregates by TIA-1 ARRM, the ability of TIA-lARRM to enhance expression of reporter genes, and its ability to prevent S G assembly, are all reversed by enforced overexpression of HSP70. T h e constitutive homologue heat-shock cognate 70 stress protein (HSC70) does not substitute for the inducible HSP70. T h e fact that the aggregated forms of TIA-1 are dispersed by HSP70 is not remarkable of itself, as many cellular aggregates (e.g. mutant Huntintin proteins) are solubilized by HSP70. However, as T I A appears to act downstream of phospho-eIF2a in its effects on translation, and as HSP70 mRNA is selectively excluded from SGs, a model in which the prion-like domain acts as a sensor of HSP70 levels to link translational control to chaperone levels has obvious appeal.
Conclusions/perspectives
T h e assembly of mammalian SGs is a striking example of cellular economy. Stress induces the shuttling T I A proteins to accumulate in the cytoplasm, bind to preinitiation complexes that are depleted in ternary complex, and organize these into discrete domains by virtue of selfaggregation of the T I A prion-like domains.
T h e aggregation may be facilitated by reduced levels of molecular chaperones, especially HSP70.
Other RNA-binding proteins are recruited to SGs by unknown mechanisms, but the ability of mutant forms of T I A to block this process suggests that the unique properties of the T I A proteins are essential to SG assembly. SGs appear to constitute a region of cross-talk between molecular chaperones and eIF2 kinases, which leads us to speculate that SGs function as signal transduction domains. As plant SGs contain heat-shock transcription factors, as well as RNA, the search is ongoing to completely catalogue the contents and functions of SGs.
